to propellants provide an opportunity
Introduction
This paper describes the successful ignition test of the cryogenic hydrogen/oxygen RL l 0B-2 rocket engine using densified liquid hydrogen at near triple point conditions and the potential impact of this test to the aerospace industry via engine and vehicle performance analyses. This demonstration test represents the next step in the advancement of densifted propellant technology, the development of an engine that can operate using densified propellants.
Increased demand for launch vehicles for satellite deployment by the private sector and by governments through out the world has generated a fertile yet competitive environment from which advanced aerospace tech- A simplified drawing of the test configuration is shown in Fig. 2 . The vacuum chamber is 38 ft in diameter, 62 ft high, and is constructed out of stainless steel. A mechanical vacuum pumping system is used to evacuate the vacuum chamber. It consists of one 28 100 cfm blower (first stage), two 1875 cfm blowers (second stage), and four 728 cfm mechanical vacuum pumps (third stage).
The rocket engine exhaust from the ignition tests was directed into the spray chamber located below the vacuum test chamber. The vacuum test chamber and spray chamber are connected via an 11 ft diameter, 37 ft long inconel diffuser duct. The vacuum test chamber and the spray chamber are isolated from one another by a 11 ft valve at the bottom of the diffuser. The 420 000 ft 3 spray chamber was filled with 70 ft of water prior to testing and was evacuated for the testing using steam ejectors. Two types of data systems were utilized. The ESCORT data recording system recorded 188 channels of data at 1 Hz and 64 channels of data at 10 Hz. The Masscomp data system recorded 50 channels of data at a recording rate of 1000 Hz. The spark plug gap voltage and the combustion chamber pressure were recorded at 1000 Hz.
Test Procedure
The operating procedures for hot firing an RL10B-2 rocket engine are fairly complex and involve many detailed steps. The intent of this section is to give an overview of the significant procedural steps used for this testing and the order in which the steps occurred. The two sets of test procedures are for the densified hydrogen test and the nominal test. The only major difference between the two tests is the density of the hydrogen.
Densified Hydrogen Test
The first step of the test procedure was to evacuate the vacuum chamber to -2 torr to minimize the heat leak into the test tanks using the mechanical vacuum system. The spray chamber was evacuated to -45 torr using both auxiliary steam ejector trains and then maintained at this pressure with only one train. The propellants were then loaded into the test tanks. The liquid hydrogen test tank Once the propellants were conditioned, video recording of the exit plane of the engine bell was initiated. The vacuum chamber pressure was then raised to 45 torr to equalize with the spray chamber pressure. The i I ft valve was then opened. The propellant tanks were then pressurized to give the proper pump inlet conditions prior to engine pre-start. The hydrogen tank was ramped to 24.4 psia and the LOX tank was ramped to 43.8 psia. Helium pressurant gas was used for both propellants. ESCORT data recording was initiated. At T-2.0 sec the Masscomp data acquisition system was activated. At T-0 sec the engine start signal was given.
The ignitor signal was activated at T+0.082 sec and de-activated at T+0.550 sec. Engine shutdown occurred at T+ 1.0 sec. At engine shutdown propellant flow was shutoff from the engine.
Nominal Test
For the nominal ignition test the liquid hydrogen test tank was filled with approximately 135 gal of LH 2 and 34 gal of LOX were loaded into the LOX test tank. The propellants were then conditioned to the appropriate saturated starting conditions. For the nominal ignition test the LH 2 tank pressure was controlled to 17.5 psia and the LOX tank pressure to 28.0 psia while the propellants saturated at these pressures. Theminordifferences in LH2 tank pressurization levels and the ignition times between the two tests were a result of increasing the probability of ignition which was the ultimate goal of the test. Since there was only one opportunity to conduct the densified hydrogen test it was important to generate the best possible conditions to ignite. The reduced LH 2 tank pressure was predicted to cause the mixture ratio of oxygen to hydrogen to increase slightly thus increasing the amount of oxygen available for ignition.
The ignitor was activated sooner in the densified hydrogen test to increase the number of sparks early in the sequence, thus also increasing the possibility of ignition, in case the ignition window was earlier in the start sequence as a result of increased hydrogen mass in the combustion chamber due to densifying the hydrogen.
Results and Discussion Table I shows the test conditions at engine start for both the densified hydrogen propellant ignition test and the nominal ignition test.
The liquid hydrogen density at the inlet of the fuel pump for the densified ignition test was 4.738 lbm/ft 3 and for the nominal test the density was 4.317 lbm/ft 3. This is a 9.8 percent increase in liquid hydrogen density over the nominal run.
Once again, the purpose of the testing was to demonstrate the ignition of densified hydrogen in the RL10B-2. In Fig. 4 , the densified test, the combustion chamber pressure starts at 0.9 psia which is the B2 facility vacuum chamber pressure into which the engine ignites. At 
En_ne Performance Analysis
An analysis was conducted to illustrate that the potential effects of densified propellants on the specific impulse of the RLI 0B-2 engine are minimal, and to provide input for the vehicle analysis. The calculations were theoretical The results of the analysis are given in Table II . 
Vehicle Performance Analysis
The benefit of using densified propellants on a launch vehicle is to increase the propellant mass fraction of the vehicle which translates into an increase in payload mass to orbit. This increase in payload mass is calculated here with a simplified launch vehicle performance analysis using the two-stage-to-orbit rocket equation. The performance will be measured in terms of additional pounds of payload to low earth orbit (LEO) that can be obtained with densified propellants as compared to a baseline vehicle which uses normal boiling point Table III shows the results of the launch vehicle In addition the test results presented in this paper demonstrate that an aerospace industry standard-the RL 10 rocket engine can be ignited with densified LH 2 with no hardware changes. Additional testing is required to optimize the ignition sequence for both densified LH 2 and LOX, but this successful ignition demonstrates a vital step in bringing densified propellants to a technology readiness level of 6 (system/subsystem model or prototype demonstration in a relevant environment). 
The AV is the change in velocity that is required to reach and maintain a circular orbit at a given altitude. The initial velocity is assumed zero at the launch site. A typical value of AV required to maintain LEO is around 25 000 ft/ sec. The AV used in this analysis is 30 882 ft/sec. This higher value of AV is used in Eq. (1) to compensate for gravity force and drag force. The value of the gravitational constant used in the analysis was 32.2 ft/sec 2.
The dead weight ratio is calculated in Eq. (2) and the payload ratio is calculated in Eq. (3). (5)
